Abstract: We describe low-loss SiN/SiON waveguides for wavelength-division-multiplexing filters on a Si platform. The key technology is a low-temperature deposition of refractiveindex-controllable SiN/SiON films by using a hydrogen-free gas source (SiD 4 ), which avoids the strong optical absorption due to N-H bond. Using this technology, we demonstrate a low-loss ring resonator with a SiN waveguide, whose loss is 0.47 dB/cm at 1550 nm. It shows excess loss of 2.7 dB, a 3-dB bandwidth of 0.13 nm, and an extinction ratio of 27 dB in the entire C band. In addition, we also demonstrate a polarization-insensitive arrayedwaveguide grating with a SiON waveguide, whose loss is 0.29 dB/cm at 1550 nm. It shows insertion loss of 5.3 dB, crosstalk of less than −27 dB, and polarization insensitivity in the entire C band.
Introduction
With the rapidly increasing demand for cost-effective wavelength-division-multiplexing (WDM) systems, silicon (Si) photonics platforms are attracting attention for the integration of optical devices, such as modulators, photodetectors, and wavelength filters [1] - [6] . In next generation telecommunications networks with advanced modulation [7] - [9] , wavelength filters are key components for meeting the severe system requirements, including low loss, low interchannel crosstalk, polarization insensitivity, and high acceptable power. However, conventional Si wavelength filters have difficulty meeting these requirements due to the following issues. One is that their effective refractive indices are considerably varied by fabrication errors. For example, in fabricating a 200-GHz-grid arrayedwaveguide grating (AWG) with crosstalk of less than −20 dB, the allowable fabrication error for Si-waveguide AWG is on an angstrom order [10] , [11] , which cannot be achieved even if we use state-of-the-art fabrication technology. The other issue is the nonlinear optical effect. The nonlinear optical coefficient of Si waveguides is over ten times larger than that of commercialized silica-based waveguides. Therefore, the acceptable power and crosstalk reduction are limited by two-photon absorption and four-wave mixing [12] .
A reasonable solution is to use alternative waveguide materials, such as Si-rich silicon nitride, silicon nitride and silicon oxynitride (SiN/SiON) [13] , [14] . Their wide-range and medium index contrasts (3∼20%) enable us to balance the fabrication tolerance and the size reduction. In addition, their nonlinear coefficients are typically over ten times smaller than that of Si, which is useful in reducing the nonlinear effects and increasing the acceptable power. In the previous work, SiN/SiON waveguides have been constructed on a Si photonics platform. For example, SiN waveguides with an index contrast of ∼20% have been used to construct AWGs [15] , [16] and ring filters [17] , [18] . In addition, for polarization insensitivity in a wavelength filter, a SiON waveguide with a much lower index contrast (∼3%) has been used in an AWG [19] .
Although SiN/SiON waveguides have various advantages, there is an issue to use them for practical WDM applications [7] - [9] . The essential problem is how to fabricate them in the backend-on-line (BEOL) process on a Si platform to prevent thermal damage to the active devices. Typically, they have been formed by the plasma-enhanced chemical vapor deposition (PECVD) method at temperatures less than ∼350 degrees Celsius. However, the gas source for the PECVD, such as silane (SiH 4 ), generates hydrogen atoms and forms N-H bonds, which have a large optical absorption coefficient at a wavelength of 1500 nm. The residual N-H bonds in the films make it difficult to apply them to low-loss WDM filters in the C band. Although the N-H bonds can be removed by post-deposition annealing, the required temperature is over 1000 degrees, which far exceeds the allowable temperature of the BEOL process. In this paper, we report a low-loss SiN/SiON waveguide, fabricated at less than 300 degrees Celsius. The key feature of the fabrication is the use of a hydrogen-free gas source for the deposition of the SiON film. Using the technology, we demonstrate a low-loss SiN-waveguide ring resonator and a polarization-insensitive SiN/SiONwaveguide AWG in the entire C band.
Hydrogen-Free SiN/SiON Film Formation
The key feature of the technology is the use of a hydrogen-free gas source for the PE CVD to avoid N-H bond formations. A promising gas source is a deuterated silane (SiD 4 ) [20] . The atomic mass of deuterium (D) is larger than that of hydrogen; therefore, the absorption peak wavelength due to N-D bonds is far from the telecommunications wavelength region. With SiD 4 gas, we can control the refractive index of SiON/SiN films by changing the gas-flow ratio in the electron-cyclotronresonance (ECR) PECVD process. The ECR PECVD is preferable for controlling refractive indices at low temperature because the ECR plasma easily dissociates gas molecules [21] , [22] . Fig. 1(a) shows the relationships between the refractive index and the gas-flow ratio of N 2 /(N 2 + O 2 ) at 200 degrees Celsius. The gas flow rates of SiD 4 , Ar, and N 2 + O 2 were 40, 10, and 100 standard cubic centimeters per minute (sccm), respectively. The measured results indicate that the refractive indices gradually increase (ranging from 1.47 to 1.87) when the N 2 flow rate is increased. Fig.  1 (a) also shows the relationships between the deposition rate and gas-flow ratio. The deposition rates (90 ∼ 100 nm/min) were reasonable for nanometer-order thickness control. The rate can be controlled by adjusting the SiD 4 flow rate and microwave power of the ECR plasma.
To evaluate the atomic composition of the deposited films, we used hydrogen forward scattering spectrometry (HFS) to detect the hydrogen and deuterium atoms. The measured samples were 100-nm-thick films with refractive indices of 1.515 and 1.87. Fig. 1(b) and (c) show the HFS spectrum. In the measurements, the incident ions and energy were 4 He ++ and 2300 keV, the incident angle was 75 degrees, and the recoil angle was 30 degrees. Both films exhibit two peaks corresponding to the difference in the atomic mass. By fitting the theoretical curves, we found that the energies of the large and small peaks were corresponding to those of the deuterium and the hydrogen atoms, respectively. These results indicate that deuterium atoms were mainly introduced into the film during the ECR CVD process. The residual hydrogen would come from the ECR CVD chamber, and it can be prevented by using well-conditioned CVD equipment. To quantify the atomic percentages of all the atoms, we also used Rutherford backscattering spectrometry (RBS) [22] . Table 1 summarizes the estimated atomic percentages of all atoms in the films deposited by the SiD 4 gas (SiON:D, SiN:D). As a reference, it also shows the atomic percentages of the traditional films deposited by using an SiH 4 gas source (SiON:H, SiN:H). The estimated atomic compositions are SiO 1.75 N 0.28 :D 0.18 and SiN 1.50 :D 0.67 for indices of 1.515 and 1.87, respectively. The refractive indices were mainly determined by the atomic-composition ratio of the oxygen and nitrogen, and this is consistent with the relationships between the refractive index and gas-flow ratio [see Fig. 1(a) ]. Notably, the atomic percentages of the residual hydrogen in the SiON:D/SiN:D film was over ten times lower than that in the traditional films. The results clearly show the SiD 4 gas source is useful for reducing hydrogen dissociation.
To examine the transparency of the films, we fabricated waveguides using the refractive index of 1.87 with the SiN:D film and the conventional SiN:H film, and compared their transparency. Fig. 1(d) shows the transmission spectrum of 1.8-cm-long waveguides fabricated by using the SiN:D and SiN:H films. The absorption peak at a wavelength of around 1500 nm is clearly reduced by using the SiD 4 gas. These results indicate the N-H bonds were successfully reduced by using the hydrogen-free gas source. Here, the residual O-H bond peak at around 1350 nm would be caused by the SiO 2 overcladding. We believe it can be also eliminated by using SiO 2 :D for the overcladding film in the same process scheme.
SiN:D/SiON:D Waveguides and Their Applications

Characteristics of SiN:D Waveguide and Ring Filter
We used the SiN:D waveguide to construct a ring resonator on a Si substrate. The ring filter roundtrip length was 324 µm, and the designed free spectral range (FSR) was 3.9 nm. The fabrication process was as follows. First, a 0.55-µm-thick SiN:D film was deposited on a 3-µm-thick SiO 2 undercladding film on a Si substrate. Afterwards, the SiN:D film was patterned using electron-beam lithography and reactive-ion etching to form SiN:D waveguide cores with a width of 1.1 µm. Finally, the SiO 2 overcladding was deposited on the patterned SiN:D waveguide cores using PECVD with a tetraethoxysilane source. Fig. 2(a) shows a microscope photograph of the fabricated ring filter. All process temperatures were compatible with the BEOL temperature. First, we measured the propagation loss of the fabricated 0.55 × 1.1 µm 2 SiN:D waveguide in the C band. At the input and output facets, the SiN core width was widened to 3 µm by a 300-µm-long linear taper. The transverse electric (TE) mode light was coupled to the SiN:D waveguide through a lensed optical fiber. Fig. 2(b) shows the measured transmittances at wavelengths of 1530 and 1550 nm. The transmittance was normalized by the fiber-to-fiber transmittance. The propagation losses from the linear approximation were 0.55 and 0.47dB/cm at 1530 and 1550 nm, respectively. At 1530 nm near the absorption peak due to the N-H bonds, the measured loss was comparable to that at 1550 nm, and far smaller than that of the conventional SiN:H waveguide. This indicates that the N-H bonds in the SiN core were successfully removed with the BEOL process. Afterwards, we measured the transmission spectra of the fabricated ring filter from port 1 to 4 (drop port) and from port 2 to 4 (through port). Fig. 3(a) shows the measured transmission spectra in the C band. The transmission spectra were normalized by the fiber-to-fiber transmittance. Owing to the low-loss SiN:D waveguide, the performance of the SiN ring resonator was not degraded in the entire C bands. Fig. 3(b) shows the transmission spectra normalized by the transmittance of the reference SiN:D waveguide, whose length was 1.1 cm. The excess loss of port 1 to 4 was 2.7 dB, corresponding to the micro-ring loss of only 0.1 dB. The measured FSR was 3.9 nm for both from port 1 to 4 and from port 2 to 4. These values are almost consistent with the calculated values. The 3-dB bandwidth was 0.13 nm and the extinction ratio was 27 dB in the entire C band.
Characteristics of Polarization-Insensitive AWG
We also used the SiON/SiN:D films to construct a polarization-insensitive AWG. The AWG was designed for 16 channels and a 200-GHz grid. Fig. 4(a) shows a schematic of the waveguide. We used a 3-µm-square core, which has enough allowable fabrication tolerance for lower crosstalk (<−25 dB) and polarization insensitivity. In this design the multi-layer core (SiON/SiN/SiON) compensated for the birefringence caused by the film stress [19] . Beforehand, we had already determined that the 3-µm-square SiON:D core with a refractive index of 1.515 has birefringence of ∼1.8 × 10 −3 . Here, the birefringence was measured from the peak wavelength difference of the single-layer SiON-waveguide AWG between the transverse-magnetic (TM) mode and TE mode. Using the value, we calculated the required thickness of the SiN:D film (n = 1.87) to compensate for the birefringence. Fig. 4(b) shows the calculated relationships between effective refractive indices and thicknesses of the SiN:D film for TE and TM modes. The results show that we can compensate for the birefringence by using a 25-nm-thick SiN:D film for the core size of 3 µm 2 . In the fabrication process, the key feature is an in-situ and sequential deposition of multi-layer films (SiON/SiN/SiON) in the ECR CVD. To preciously control the thickness of both SiON and SiN films, we tuned the gas flow rate of SiD 4 and microwave power of the ECR plasma to obtain a moderate deposition rate (∼100 nm/min), as shown in Fig. 1(a) . The fabrication process was as follows. First, we deposited SiON/SiN/SiN films with refractive indices of 1.515 (SiON) and 1.87 (SiN) on the 3-µm-thick thermal-oxide of a Si substrate. Both the total multi-layer thickness (3 µm) and the SiN film thickness (25 nm) were preciously controlled by using the above deposition condition. The deposition temperature was around 200 degrees Celsius. Afterwards, the films were patterned by photolithography and the reactive-ion etching. Finally, a SiO 2 overcladding film of 6 µm was deposited at 300 degrees Celsius. All process temperatures were below 300 degrees Celsius and thus compatible with the BEOL-process temperature. Fig. 4(c) shows a microscope photograph of the fabricated multi-layer waveguide AWG.
We measured transmission specrum of the fabricated AWG. Although the AWG has 16 × 16 ports, we used one central input port and 16 output ports for the measurements. In the experimental setup, an amplified spontaneous emission light source in the C band was used. The input light was fed into a polarization controller and was then sent through a high numerical-aperture (NA) fiber, whose mode field diameter was around 4.3 µm. The mode field of the single-mode fiber was converted to that of the high-NA fiber through a thermally diffused expanded core (TEC) fiber. The high-NA fiber was cleaved and butt coupled to the facet of the AWG input port. The output ports of the AWG were also coupled to the high-NA fiber, which was connected to the optical spectrum analyzer. Fig. 5(a) shows the transmission spectrum of the AWG chip for TE-and TM-mode inputs. The transmittance was normalized by the fiber-to-fiber transmittance. The total insertion loss for TE and TM modes, including the two fiber-coupling facets, were 5.6 and 5.3 dB at the center port, respectively. Here, the propagation loss of the SiON:D waveguide was 0.29 dB/cm at 1550 nm. The interchannel crosstalk was less than −27 dB in the entire C band. Thanks to the low-loss SiON:D waveguide, the spectrum was not degraded at wavelengths near 1500 nm. In addition, the polarization dependence of the AWG was less than 0.1 nm. The precious control of the refractiveindices and the film thickness enabled us to compensate for the birefringence as designed. We also measured the central wavelength shift while changing stage temperature. Fig. 5(b) shows the measured results. In the experiment, the input mode was the TE mode and the central wavelength was around 1547 nm. The wavelength shift, estimated form the linear approximation, was 0.012 nm/K. The value is comparable to that of a conventional silica-based AWG. Although the thermo-optic coefficient of the SiN:D film was larger (∼4 × 10 −5 /K) than that of the silica, the temperature dependence was only slightly degraded because the SiN:D thickness to compensate for the birefringence is very small. These results indicate the SiN:D/SiON:D waveguide system enables a low-loss, low-crosstalk, polarization-insensitive, and low-thermo-optic-effect wavelength filter on the Si photonic platform.
Conclusion
We fabricated the low-loss SiN/SiON waveguides at a CMOS backend process temperature. A hydrogen-free gas source was used to avoid N-H bond formation during the ECR CVD process. A fabricated SiN waveguide with delta of ∼20% showed propagation loss of less than 0.55 dB/cm in the entire C band. A ring resonator constructed with the waveguide showed a 3-dB bandwidth of 0.13 nm and an extinction ratio of 27 dB. In additions, a SiON waveguide whose delta was ∼3% showed propagation loss of 0.29 dB/cm. A 200-GHz AWG with multi-layer core of SiON/SiN/SiON showed insertion loss of less than 5.6 dB, crosstalk of less than −27 dB, and polarization-dependent peakwavelength shift of less than 0.1 nm. With the large fabrication tolerance and the low optical loss, the hydrogen-free SiN/SiON waveguide is a promising component to construct high-performance C-band WDM filters for the next generation WDM optical network.
